We present designs and simulations for a highly cascadable, rapidly reconfigurable, all-optical, universal logic gate. We will discuss the gate's expected performance, e.g. speed, fanout, and contrast ratio, as a function of the device layout and biasing conditions. The gate is a three terminal on-chip device that consists of: (1) the input optical port, (2) the gate selection port, and (3) the output optical port. The device can be built monolithically using a standard multiple quantum well graded index separate confinement heterostructure laser configuration. The gate can be rapidly and repeatedly reprogrammed to perform any of the basic digital logic operations by using an appropriate analog electrical or optical signal at the gate selection port. Specifically, the same gate can be selected to execute one of the 2 basic unary operations (NOT or COPY), or one of the 6 binary operations (OR, XOR, AND, NOR, XNOR, or NAND), or one of the many logic operations involving more than two inputs. The speed of the gate for logic operations as well as for reprogramming the function of the gate is primarily limited to the small signal modulation speed of a laser, which can be on the order of tens of GHz. The reprogrammable nature of the universal gate offers maximum flexibility and interchangeability for the end user since the entire application of a photonic integrated circuit built from cascaded universal logic gates can be changed simply by adjusting the gate selection port signals.
INTRODUCTION
Efficient, high-speed, single transverse mode, all-optical gates with positive inverter gain and a reasonably large contrast ratio are needed for on-chip digital photonic logic circuits. Positive inverter gain, a.k.a. high fanout, is the ability to shut off a strong optical signal using a weaker input signal. It is needed in order to cascade logic gates without introducing external amplifiers. Contrast is the ratio of the output power when the digital output represents 1 to when it represents 0. It is a key factor in determining signal noise margins and strongly affects bit error rates. Numerous solutions involving changing the reflection or transmission of off-chip normally incident light have been proposed and demonstrated [1] [2] [3] . State of the art on-chip research has primarily focused on optical gain quenching and/or optical bistability in a multiple section device [4] [5] [6] [7] [8] . Various approaches and strategies have included using: (1) a preamplifier to boost the weaker input signal, (2) the gain lever effect to enhance gain quenching, (3) a saturable absorber to induce bistability and accelerate gain quenching and (4) carrier induced non-linear effects. To our knowledge, each on-chip approach or combination of approaches to date has significant performance tradeoffs among efficiency, speed, single mode operation, inverter gain, and contrast ratio. These tradeoffs are unavoidable in devices that use optical gain quenching or optical bistability because when the laser is quenched below threshold, it takes an incredibly long time to turn back on. This time constant is related to the carrier lifetime, and thus limits the operation speed to about 1GHz. Partial quenching solutions may increase the speed to 5-10GHz, but obviously at the expense of signal contrast. Also, hysteresis loops in bistable devices can cause ambiguity and increase bit error rates. Another fundamental problem is that gain quenching is optimal just above transparency (N c ideal ≈ e . N tr , where e = 2.718) due to the competing effects of increasing stimulated emission and decreasing differential gain with bias, whereas the device speed increases with bias. Gain quenched devices tend to have their highest inverter gain just above threshold, which is where they are slowest.
To solve these problems, we have designed a new type of on-chip semiconductor device. The rapidly reconfigurable all-optical universal logic gate combines some existing technologies and several new innovations together to achieve its novel functionality. This paper, which describes the device design and performance, is divided into 8 sections. In Section 2, we introduce a method to achieve universal logic functionality from a single gate. Sections 3 through 5 discuss the underlying physics that we will use to implement this method. We present simulation results in Section 6, discuss the performance of the device in Section 7, and give concluding remarks in Section 8.
A METHOD FOR UNIVERSAL LOGIC OPERATIONS
We will present the device schematics with a top-down overview. The overarching goal is to create a device with a layout as shown in Figure 1 that is capable of generating an output power versus input power as shown in Figure 2 . Applying an analog gate selection signal translates the curves in Figure 2 to the left and thereby selects a particular gate operation. For instance, a continuous 1.25 unit selection signal would center label C on the vertical axis and select XNOR operation at output port 1. Then, input of two digital bits (0 or 1 unit each) would put the operation point at C = on for 00 input, E = off for 01 or 10, and G = on for 11. In a similar manner, a 1.75 unit selection signal centers label D and selects AND operation since the input would put the operation at D = off for 00, F = off for 01 or 10, and H = on for 11. The correspondence between letters and binary gate operation is A = NAND, B = NOR, C = XNOR, D = AND, E = OR, and F = XOR. The necessary selection signals are 0.25, 0.75, 1.25, 1.75, 2.25, and 2.75 units, respectively. The correspondence between letters and unary gate operations are B or C = NOT and E or F = COPY since a NOT gate is the same as a NOR or XNOR gate with one of the inputs set to 0 and a COPY gate is the same as an OR or XOR gate with one of the inputs set to 0. Two full periods of the periodic power dependence, as shown in Figure 2 , are sufficient to cover all logic operations. This transfer function is very similar to the one discovered independently by Hurtado et. al. [9] , but here, we use digital input bits of the same amplitude for all logic operations, which improves cascadability.
To achieve the periodic power dependence goal, we will use a two step approach. The first step is to design specialized wavelength dependent mirrors. At certain wavelengths, which correspond to half of the Fabry-Perot modes, the left facet has a high reflectivity (R>40%) while the right facet has a low reflectivity (R<2%) so that almost all of the circulating laser power is output from the right side, i.e. output 1. At other wavelengths, which correspond to the other half of the longitudinal modes, the right facet has a high reflectivity while the left facet has a low reflectivity so that the laser light is output from the left side, i.e. output 2. The second step is to devise a layout such that a small input optical signal efficiently shifts the dominant lasing mode to the next adjacent mode. We will combine a novel effect, the gainindex lever, with the well-known Vernier effect to accomplish this objective. Previous research has discussed how the gain lever can be used to enhance the carrier induced refractive index change and thereby increase the tuning rate of DFB lasers [10] . Here, we will discuss how to realize a true index lever to further amplify the already enhanced refractive index change and how to use the Vernier effect to significantly reduce the necessary tuning signal. Sampled grating (SG) or superstructure grating (SSG) distributed Bragg reflectors (DBRs) are two excellent choices to realize our desired reflectivity properties. One can perform computer aided design simulations to engineer the superstructure gratings that give the perfect reflectivity profiles. For simplicity, we will discuss sampled gratings since the design and performance properties of SG-DBR lasers are described extensively in [11] . The main result of the paper is that one can produce a comb of reflectivity peaks with a specific spacing and amplitude envelope by using a periodically sampled continuous grating. We will build on their results to calculate the necessary gratings for our design, which has the additional requirement of alternating output facets. We will assume a design wavelength, λ d = 980nm, but operation at other wavelengths, e.g. 1310nm or 1550nm is a simple matter of rescaling device dimensions and changing the materials of various device layers. The laser gain peak is assumed to be at 980nm. Figure  3 shows the refractive index profile and simulated reflectivity spectra for two mirrors that are symmetrically offset from λ d to have central wavelengths of λ 1 = 981.09nm and λ 4 = 978.92nm. Each mirror has 7 grating bursts (κ = 100cm -1 ) with a 12.5% burst duty cycle and a single layer quarter wave antireflective coating (n r ≈ 1.8) prior to the air interface. The total mirror grating lengths are an integral number of half wavelengths, L g1,g4 = mλ 1,4 /2n r with m = 4704, yielding L g1 ≈ 759.1µm and L g4 ≈ 757.5µm. The choice of m = 4704 = 2 5. 3 . 7 2 arose from the requirement that the length of each grating section must be an integral number of half wavelengths. Thus, m must be divisible by 56 since there are 7 grating bursts and the burst duty cycle is 1:8. This leads to 84 grating periods per grating burst and burst lengths of L b1 ≈ 13.56µm and L b4 ≈ 13.53µm. The factors in 4704 allowed us to study the effects of different duty cycles, e.g. 1:4, 1:6, 1:7, 1:8, 1:16, and numbers of grating bursts, e.g. 3, 4, 6, 7, 12, while maintaining a constant mirror length. The 7 grating bursts generate exactly 7-2 = 5 local maxima between the major comb peaks. The central wavelengths were coarsely chosen so that each major peak occurs at the same wavelength as the smallest of these local maxima and so that there are exactly two major peaks, at λ 2 = 980.37nm and λ 3 = 979.64nm, of slightly lower amplitude between the design wavelengths peaks. This generates 4 modes with the same net round-trip gain, G = Γg-α i -α m , as shown in Figure 4 since the slightly weaker reflectivity peaks have slightly higher material gain. The central wavelengths are then finely tuned so that the wavelength separation between these 4 adjacent maxima in the net gain spectrum is constant. These choices ensure three important features. First, there are exactly 4 evenly spaced wavelengths that have maximum net gain and all other peaks have lower net gain. Thus, the device will tend to lase in only one of these four modes. Second, the reflectivity ratio at these wavelengths is enormous and so the laser light is output almost entirely from the low reflectivity facet. Third, the high and low reflectivity facets alternate for adjacent peaks. In Figure 3 , the facet reflectivities are around 44% and 0.91%. Thus, 92% of the laser light is output the low reflectivity facet (contrast ratio ≈ 11dB) since [12] :
MIRROR DESIGN
where P 1 and P 2 are the emitted powers and R 1 and R 2 are the reflectivities of mirrors 1 and 2, respectively. and N s = 10.9x10 18 cm 3 , the mode at λ 4 = 978.92nm has the highest net gain and will be the dominant mode. Figure 4 shows the net gain profile for a 211.4µm long laser with the mirrors described in figure 3 . The choice of laser length will be explained later. A cross denotes a wavelength that satisfies the round trip in-phase requirement (constructive interference). The cross with the highest round trip gain will be the dominant laser mode since clearly it will experience the most amplification. We are currently developing a steady state and time dependent model of the expected power distribution for the competing longitudinal modes, but believe that most of the circulating power will belong to a single mode and that there will still be some laser power in one or two adjacent longitudinal modes.
One complication inherent in all-optical cascadable device is that the device should respond to the input signals but be insensitive to the resulting changes. In electro-optical systems, this is easy since the input signal can be electrical which distinguishes it from the circulating optical signal. In non-cascadable all-optical systems, this is also easy since the wavelengths or polarizations can be different. In our case, these characteristics are the same and further, when the lasing mode changes, the asymmetric circulating power profile changes drastically. This change is usually much larger than the input signal that created the change to begin with. To solve this problem, we propose using a narrow region at the middle of the laser length for the input because the amplitude of the circulating light in the very center of the laser is almost unchanged when the output facet switches. Two other optional tricks to make the input light intensity stronger than the circulating light intensity while still maintaining a single mode output are: (1) circulating the input light by reflecting it a fixed number of times across the input region and (2) making the laser a multimode interferometer with single mode output tapers at each end. The first trick increases the effective input light intensity while the second trick decreases the circulating light intensity in the input region without changing the output power. These two tricks will also increase the fanout of the device. Another issue is that the mirrors must be non-absorbing to prevent their reflectivities from shifting. This can be accomplished either by biasing them at transparency or by using quantum well intermixing to blueshift their bandgaps [13] . The tradeoff for the two solutions is between requiring additional current controls or additional wafer processing steps. However, the quantum well intermixing approach can also solve the problem of unwanted carrier diffusion between electrically isolated sections.
THE GAIN-INDEX LEVER
We begin our explanation of the gain-index lever by first describing the ordinary gain lever effect. Consider a laser with electrically isolated sections (control and slave) as shown in Figure 5 . Figure 5 : Laser with an electrically isolated control section embedded in a longer slave region. Optical input to the control section reduces the control carrier density. This causes the circulating power to decrease and the slave carrier density to increase.
The slave sections are biased to a high carrier density, N s , while the control section to a moderate carrier density, N c . Both sections are above transparency, N tr , and experience gain. Stimulated emission from a side input optical signal reduces the carrier density in the control section. The round-trip gain is now less than the loss and so the circulating optical power decreases. Since the circulating power decreases, the carrier density of the slave section begins to increase until the round-trip gain equal loss condition is re-established. However, due to the sub-linear gain versus carrier density relationship, the slave carrier density increase is enhanced compared to the control density decrease. Specifically [14] ,
This is the well-known gain lever effect, whereby a small change in N c results in a large change in N s , and is the basis for previous state of the art on-chip inverter research. For reasons to be explained later, we define an enhancement factor, or gain lever, to only include the ratio of the differential gains, i.e., 
where we have assumed a logarithmic gain versus carrier density relationship [15] to evaluate the differential gains. It appears that the gain lever can be made arbitrarily large by reducing the control section density. However, when the device is lasing, the circulating laser power will pump the control section and increase the density to transparency. Thus, the maximum gain lever above threshold is N s /N tr .
To understand the gain-index lever effect, consider the wavelength shift caused by the carrier induced change to the optical path length of the laser from above. Lasing not only requires that the round-trip gain equals the loss, but also that the round-trip phase be an integer multiple of 2π (constructive interference). The refractive index (mode index) of the laser decreases with carrier density and so the wavelengths that experience constructive interference (crosses in Figure 4 ) shift with carrier density. To maintain constructive interference, the change in the round-trip optical path length must be zero: Equation 4b has two interesting consequences. First, we observe that it is possible to directly modulate the laser without any wavelength chirp if we arrange α s to be equal to α c . This chirp-free behavior would make these lasers highly desirable as transmitters in dense wavelength division multiplexing (DWDM) applications. Second, the index lever, IL, defined as ratio of the wavelength shift for the multi-section device compared to the shift for a one-section device, i.e. no slave sections, is given by:
Since the linewidth enhancement factors are usually positive, we will need α s >2α c to achieve a true index lever (|IL|>1), i.e. an enhancement in the wavelength shift. Most lasers have slowly varying linewidth enhancement factors, but Stohs et. al. have shown [16] that a shallow InGaAs well, e.g. a 5.2nm In 0.16 Ga 0.84 As single quantum well embedded in a 300nm GaAs barrier/waveguide layer, has a linewidth enhancement factor that varies by a factor of 10. They attribute this huge variation in α to the relative ease of populating barrier states, which contribute significantly to the refractive index but very little to the gain according to the Kramers-Kronig relation. Thus, we can design our device to achieve the full gain-index lever by choosing a barrier material with relatively small band offsets ( ≈ 2-3k B T for ∆E c and ∆E v ) to the quantum well. For simplicity, we will use the same shallow InGaAs well as Stohs et. al. since linewidth enhancement data is available and the quantum well composition and thickness yield 980nm operation. However, we will need four quantum wells of thickness 5.2nm to increase the optical confinement factor, Γ, to 8.3% to overcome the mirror loss of 131cm -1 . We assume that the linewidth enhancement factor for the four quantum well device will be comparable to the single well device for equal carrier densities.
LASER DESIGN
To complete the device, consider now the multi-section device embedded in the wavelength dependent mirrors described by Figure 3 . Since the mirror reflectivities vary with wavelength, the mirror loss changes with carrier density. As before, the side input optical signal reduces the carrier density in the control section and thereby decreases the circulating optical power. The slave section carrier density begins to increase, but now, the round-trip gains for the constructive interference locations change because the reflectivity is not constant. The round-trip gain for the dominant mode begins to decrease from its maximum, while the gain for an adjacent mode increases to its maximum. Thus, the dominant laser mode will switch between a left output and a right output mode whenever these round-trip gains pass each other.
Since the mirror reflectivity is now wavelength dependent, the mirror phase will also vary and so we need to modify Equations 4a and 4b to include the phase changes, φ m l and φ m r , for the left and right mirrors, respectively: 
where p denotes the phase control section (to be explained later) and L eff l and L eff r are the effective mirror lengths defined by [17] :
Note that L eff is highly wavelength dependent because the phase derivative varies considerably. Thus, the size of the wavelength shift of a constructive interference location, i.e. ∆λ in Equation 6b, depends on its location in the reflectivity spectrum. For a weakly reflecting continuous DBR grating, the effective length of 1 mirror near the Bragg frequency (central maximum) is half the total grating length, i.e. L eff l = L g /2. However, the effective length is shorter for a sampled grating DBR. For the sampled grating described by Figure 3 , we find that near each central maximum L eff l ≈ L g /3 ≈ 253µm but near the smallest local maximum the effective length is reduced to L eff l ≈ L g /6 ≈ 126µm. More interesting is that the effective length is negative in the vicinity of local reflectivity minima and that the effective length averaged between adjacent central maxima of the same mirror is about half the burst length, L eff
To estimate the carrier density changes needed for switching, it is useful to rewrite Equation 6b in a dimensionless form by normalizing it to the average mode spacing for constructive interference, MS = λ 2 /(2n r L avg ): [18] assuming a confinement factor of Γ = 8.3%. Such a huge carrier density change is not possible especially since the steady state value of N c is only ≈ 3x10 18 cm 3 . We could try increasing the control length by a factor of 10 to L c = 400µm to reduce the necessary carrier density to ∆N c = -6.25x10 17 cm 3 . This will not work because N c would get reduced to just above transparency to keep the single pass gain of the section unchanged. For the 10x longer section, the section gain will be unchanged if 10 . ln(N c new /N tr ) = ln(N c old /N tr ). Thus, the new control carrier density would be N c new = (N c old ) 0.1 N tr 0.9 = 1.89x10 18 cm 3 assuming N tr = 1.8x10 18 cm 3 . Even with a powerful input signal, the control section can only decrease to transparency and so the maximum achievable ∆N c would be 9x10 16 cm 3 . This is still smaller than the desired 6.25x10 17 cm 3 . Moreover, it would be impractical to spread the input optical signal over such a wide width.
Fortunately, we can engineer the device to use a Vernier effect so that a much smaller change is needed. For instance, we arranged the constructive interference location spacing to be 1% smaller than the net gain peak location separations in Figure 4 . This was accomplished by choosing L c +L s +L p ≈ 211.4µm so that L avg ≈ 224.9µm. The gain peak location separations were approximately given by λ 2 /(2n r L eff gp ) with L eff gp = L g /3.41 ≈ 222.4µm. The factor 3.41 arises because the reflectivity maximum and smallest local maximum are separated by 3.5 orders, i.e. half of the 7 orders between the comb teeth. Fine tuning of the design wavelengths λ 1 and λ 4 to make the mode spacing constant reduced the target separation to 3.41 orders. With a 1% difference between the mode spacing and the net gain peak spacing, only a 4% total translation of the constructive interference locations is needed to sequentially tune the dominant laser mode through the 4 modes and achieve a full switching cycle, i.e. two full periods or 6 units of input optical power in Figure  2 . It turns out that the needed translation is actually larger due to the wavelength dependence of L local . Since L local ≈ 590µm at the net gain peaks (L c +L s +L p = 211.4µm, L eff l ≈ 253µm, L eff r ≈ 126µm for a right output mode) and L local ≈ 450µm for tuning through the 4 net gain peaks, the wavelength tuning is reduced according to Equation 8 by the factor L avg /L local ≈ 0.5. Thus, we need about 8% translation or ∆N c = 5x10 17 cm 3 for N c = 3x10
18 cm 3 and L c = 40µm. Note that the size of the Vernier effect has to be carefully chosen. The mode spacing and net gain peak spacing must be sufficiently dissimilar so that only a single gain peak is selected to lase, i.e. good side mode suppression ratio. Figure 6 : A 2-input port device design layout (not to scale). The double lined box around the laser indicates a ridge waveguide, i.e. mesa structure. The ridge is between 2.5 and 5.0µm wide. The sampled grating distributed Bragg reflectors (SG-DBRs) were described in Figure 3 . The digital optical input and analog gate select signals are spread out in a tapered waveguide from their initial size of ≈ 5µm to quench the full 40µm of the control region. Each section along the length is electrically isolated by a 1-2µm gap, which counts as part of the length of the section. The metallization shorts together both sides of the slave section so that they have the identical bias. This ensures that they behave symmetrically when the laser shifts between left and right output modes. The transparent phase control sections are also shorted together. However, since the mirrors are designed to be different, each mirror has its own current source to enable fine tuning capabilities. Figure 6 shows the complete device design. The analog gate selection port and the one, two, or multiple digital input ports feed into a common tapered waveguide that partially quenches the control section. The advantage of the side input waveguide over a facet input waveguide is that on-chip optical isolators are not needed between cascaded gates. Besides the slave and control sections, we added two transparent sections (total length L p ) to serve two purposes: phase control and index/gain lever strength control. We propose creating this section using quantum well intermixing so that adjusting the bias on the section changes the refractive index but not the gain seen by the laser modes. The intermixed well is blueshifted and thus transparent, but its carriers contribute a noticeable amount to the refractive index, i.e. the intermixed well has a large linewidth enhancement factor. For a fixed control section length and mode spacing, the length of the transparent section is chosen as a function of the desired slave section carrier density. A longer transparent section reduces the slave section length and forces a larger slave carrier density. This increases both the gain lever and index lever, but reduces the wall plug efficiency of the device. Once the length of the transparent section is fixed, adjusting the bias on the section will allow us to align the cavity phase so that we are in the 8% of the tuning range that passes through the 4 modes. Electrical isolation of the various sections is provided by leaving a 1-2µm gap in the metal contact and by heavily intermixing the quantum well underneath the gap to suppress carrier diffusion between sections. Figure 7 shows the simulated wavelength tuning and output power switching when the control section carrier density is reduced from 3.25x10 18 cm 3 over the tuning range so that GL ≈ 3.5 and IL ≈ -2.5. The tuning is independent of the laser ridge width. The crosses in Figure 4 march to the left along the net gain curve as the control carrier density decreases. As a cross lines up with a gain peak, that lasing mode is selected and so the laser tunes from λ 1 = 981.09nm to λ 2 = 980.37nm to λ 3 = 979.64nm to λ 4 = 978.92nm, sequentially. , the cross near λ 1 = 981.09nm in Figure 4 was closest to its maximum and thus was the lasing wavelength. As N c decreases and N s increases, the resonance conditions blueshift and the next mode becomes dominant.
SIMULATIONS
Figure 7b: Output fraction of the dominant lasing mode. As a result of the alternating output facets, the fraction of the laser light that is output a given facet shifts between 8 and 92%. The actual contrast ratio will be lower since the non-dominant modes will still lase at reduced intensities.
Another approach to visualizing the wavelength tuning process is to study the complex-valued, round-trip amplification factor, A, for the electric field,
where |r l | and |r r | are the reflection coefficient magnitudes of the left and right mirrors. Their phase information is lumped into φ rt . The electric field gain is half the intensity gain. The round-trip length is 2L. A parametric plot of the amplification factor as the wavelength is stepped is shown in Figure 8 for N c = 2.8x10 18 cm 3 and N s = 10.9x10 18 cm 3 . . Constructive interference occurs where the solid curve intersects the dotted line. The point on the solid curve that is closest to the threshold condition, denoted by the star at (1,0), determines the laser wavelength. In the positive real half plane, wavelengths near the four main modes (λ=978.92, 979.64, 980.37, and 981.09nm), form slightly offset half ellipses that are closer to the lasing threshold condition than wavelengths near the next four modes (λ=977.47, 978.19, 981.82, and 982.55nm). Optical input changes the carrier densities and causes the curve to rotate counter clockwise as N c is reduced.
There is constructive interference whenever the solid curve intersects the dotted line on the positive real axis. The threshold condition of Re(amplification) = 1, Im(amplification) = 0 is denoted by the asterisk. The point on the solid curve that is closest to the asterisk is the dominant laser mode. In the positive real half plane, the wavelengths that are near the four dominant modes (λ = 978.92, 979.64, 980.37, and 981.09nm), form slightly offset half ellipses that are closer to the lasing threshold condition than the wavelengths that are near the next four modes (λ = 977.47, 978.19, 981.82, and 982.55nm). As the carrier densities are tuned, the total gain remains constant, but the round-trip phase varies. Thus, the entire amplification shape simply rotates counter clockwise about the origin. With the Vernier effect, we only need the curve to make a small rotation to make each of the four modes be the one that is closest to the threshold condition instead of needing an entire 2π rotation.
A separate 1-dimensional rate equation simulation was conducted for the four quantum well laser where each well was 5.2nm thick and the applied current densities for the control and slave section were set to J c = 1.5kA/cm 2 and J s = 7.2kA/cm 2 to achieve the aforementioned carrier densities. The current densities of 1.5 and 7.2kA/cm 2 may seem high, but when normalized by the number of quantum wells they are quite reasonable. They would correspond to 375 and 1800A/cm 2 in Figure 14 of Stohs paper [16] . We found that the output power of the 2.5µm wide device under these conditions is 8mW and that the necessary input power to achieve the ∆N c of 5x10 17 cm 3 is 40mW. Thus, 1 unit of optical input power corresponds to 40mW/6units = 6.67mW and so the device has a fanout of 8mW/6.67mW = 1.2. A 5µm wide device should still lase in a single transverse mode, provide 16mW of output power, and require the same 40mW of input power to get ∆N c = 5x10 17 cm 3 , i.e. a fanout of 2.4, assuming fixed applied current densities. This may not seem like a high fanout, but 5µm wide by 200µm long side-input gain quenched devices have typical fanouts that are below 0.25. For these current densities, the operation current would be 19.5mA for the 2.5µm wide device assuming that the mirrors and transparent phase control sections do not need biasing to correct for manufacturing errors. Assuming the device has a series resistance of 10Ω, the drive voltage would be 1.46V. Thus, the wall plug efficiency would be 28%. Gain quenched devices with comparable contrast ratios and fanouts have to operate near threshold and typically have efficiencies under 5%.
For either width, the speed of our device for the 40mW input signal appears to be about 2GHz since the carrier density change of 5x10 17 cm 3 is not really a small signal modulation and moreover, the relaxation oscillation frequency is only 4GHz. A smaller input signal generates a smaller modulation and thus a response speed that is closer to the resonance frequency. For example, a 13mW input signal (2 units) gives a device response of about 3GHz. Thus, the gate operation speed would be 3GHz, while the gate reprogramming speed would be slightly less than 3GHz since the gate operations have smaller input signals (0, 1, or 2 units) compared to gate selection signals (0-3 units). To get to operation at tens of GHz, as promised in the abstract, the relaxation oscillation frequency must be increased. The resonance frequency, f r , is approximately given by [19] , ( 1 0 ) where v g is the group velocity, S 0 is the circulating photon density, and τ p is the photon cavity lifetime. Since these parameters vary from section to section, the overall resonance frequency will be an average of these parameters along the device length. We can increase f r , by increasing S 0 or ∂g/∂N or by decreasing τ p by reducing the mirror reflectivities. Increasing S 0 will increase P out , but it will also make changing ∆N c harder since the input signal has to compete with a stronger circulating signal. Increasing the current densities to J c = 1.75kA/cm 2 and J s = 8kA/cm 2 increased the circulating intensity by 28%, the resonance frequency by 14%, and the necessary input power by 13%. Thus, faster operation with higher fanout is possible at higher output powers; moreover, the contrast ratio will increase slightly since the mode suppression ratio generally increases with increasing power [20] . Increasing the average differential gain will likely reduce the strength of the gain and index levers, but might be tolerable since we can trade some of the high fanout in the 5µm device for speed. If we decrease τ p , we will need to decrease the length of the transparent section L p and increase L s to maintain a constant slave carrier density. In other words, we can trade ease of phase control for increased speed. In summary, we should surpass 10GHz operation by increasing the output power and optimizing for speed instead of high fanout and ease of operation.
DISCUSSION OF RESULTS
To increase the output coupling fraction (i.e. contrast ratio), we would like to increase the number of grating bursts so that the reflectivity at the smallest local maximum is reduced. However, as the number of grating bursts increases, the sampled grating DBR behaves more like a continuous DBR and the effective length increases to L g /2 at the central maximum as well as at the smallest local maximum. Thus, a higher ∆Ν c is needed to achieve a given wavelength shift. Thus, there is a tradeoff between necessary input power for switching and contrast ratio since both increase with the number of grating bursts.
It is desirable that the output signal amplitude (vertical scale of Figure 2 ) be slightly more than 1 unit high in order to compensate for waveguide and interface losses. This is the case for the 2.5µm wide device, which has a fanout of 1.2.
Since the left and right outputs are digital negations of each other, the effective fanout is actually double if we design half of the downstream gates to work using complementary logic, i.e. deMorgan's Laws. For some gates, such as clock source distribution nodes or gates that drive several logic stages in a cascaded circuit, high fanout is necessary, i.e. a 10-unit output signal or preferably ten 1-unit output signals. The periodic power dependence shown in Figure 2 , which is vital for achieving a universal gate, implies that a 2 unit input signal would act similar to a 0 unit signal. Thus, high power signals require splitting and/or using attenuators or threshold cutoff gates to reduce the signal back down to 1 unit amplitude before being used in downstream gates.
As mentioned previously, the gain or fanout of the gate can be increased by reflecting the input light a fixed number of times across the control region and/or by making the laser a multimode interferometer (MMI) with single mode output tapers at each end. Figure 9a shows a layout that uses both techniques to increase the fanout to 19.6 from 1.2 for the simple 2.5µm wide gate. The input light now makes a double pass across the control region, which effectively doubles the input power. Also, the MMI allows the laser width to be increased to 20.4µm, which increases the output power. An alternative strategy to achieving high fanout is simply to make multiple copies of the input signal. This can be accomplished by reusing the input signal to drive many COPY gates in parallel as shown in Figure 9b . We assume that the gain for the input signal when traversing each gate compensates for waveguide and interface losses. Under this assumption, the gates act as a signal splitter with built in amplitude regeneration. This technique has two major advantages over the MMI layout with multi-pass input. First, the production will be simpler since the corner cube mirrors and MMIs do not have to be fabricated. Each COPY gate is programmed using a generic universal logic gate. Second, dedicated splitting elements and amplitude regulators do not have to be fabricated. The outputs are already normalized to the correct 1 bit amplitude. Thus, the multiple COPY gate approach is the better approach for high fanout applications. Every optical element in the circuit will be manufactured identically and functionality of sub-circuit modules will be determined by their layout and gate selection signals.
For reliable operation of this high sensitivity device, the ambient conditions and input signals need to be very precisely controlled and the manufacturing tolerances are very tight. Each bin in Figure 2 is denoted by a letter and has a width of 0.5 units. Thus, when we center a bin, we can tolerate a total of ±0.25 units of noise. For a 2 input gate, we can distribute this noise budget according to: ±0.05 units per input signal, ±0.05 units for the gate selection signal, ±0.05 units for uniformity of the bin widths (i.e. the power needed to go from C to F might differ from the power for F to I), ±0.05 units for temperature fluctuations and ±0.025 units each for drive current fluctuations in the slave and control sections. For the input signal (0 or 1 unit), this means we can tolerate ±5% intensity noise. For the gate selection signal (0-3 units), we can tolerate ±1.66% intensity noise. The temperature dependence of the refractive index for (In)GaAs is approximately 2x10 -4 per °C [21] and the coefficient of thermal expansion of the GaAs substrate is 5.8ppm per °C [22] . This corresponds to a wavelength redshift of the reflectivity spectrum of 0.070nm per °C since L g = mλ/2n r implies that ∆λ/λ = n r /n r,eff . (∆n r /n r +∆L/L). Fortunately, the constructive interference locations will redshift at the same rate. However, the calculated bandgap redshift of the In 0.16 Ga 0.84 As quantum well is 0.32nm per °C [23] and so the gain peak redshifts relative to the reflectivity peaks at a rate of 0.25nm per °C. Thus, the gate would cycle through the four modes (2.17nm separation) if the temperature changed by 8.68°C. This change is approximately equivalent to 6 units of input optical power. Therefore, the device will need to be mounted epitaxial side down on a heatsink with an active temperature controller capable of better than ±0.072°C long-term stability to achieve less than ±0.05 units of temperature fluctuations. The control carrier density changes by ≈ 13% and the slave density by ≈ 6% during the tuning with 6 units of power. Thus, we would need to control their densities to better than 540ppm and 250ppm. Naively, the current control would need to be about this good, although the sub-linear carrier density versus current density relationship should give us extra breathing room. Commercial laser controllers that meet these tight specifications are readily available, e.g. the ILX-Lightwave LDT-5948 temperature controller has a guaranteed accuracy and long term stability of better than ±0.005°C and the LDX-3525 laser driver has a typical accuracy and long term stability of better than ±250ppm.
The sensitivity of the gate to temperature and bias current can be used to compensate for slight manufacturing errors. Active temperature control can be used to coarsely align the gain peak of the wafer with the mirror reflectivity spectrum. Fine alignment to compensate for wafer non-uniformity can be performed on each gate or region of gates by slight adjustments of the biases on each mirror and on the control, slave, and transparent sections. With such a large number of degrees of freedom, the operating conditions that produce the output power versus input power curves closest to the ideal cases in Figure 2 can be found using a suitable gradient search technique.
CONCLUSION
In summary, the rapidly reconfigurable all-optical universal logic gate is a versatile high-speed generic on-chip photonic device. The gate utilizes the gain-index lever and Vernier effect to shift the laser between left and right output facet modes. Since the laser remains well above threshold during the mode switching process, operation at high-speed (tens of GHz) with high contrast ratio (>10dB) and wall-plug efficiency (>25%) is feasible from a single mode device. The same gate can perform a complete set of logic operations as well as provide a wide range of additional functionality [24] , e.g. wavelength conversion, threshold switching, analog to digital and digital to analog conversion and signal duplication. With feedback, the gate becomes a clock source or a single bit of optical memory. The gates can be cascaded to form flip-flops, shift registers and reconfigurable interconnects and therefore powerful photonic integrated circuits can be built using this basic device [24] .
